Irreversible electroporation (IRE) has been studied as a less invasive method for tumor treatment. Since the mechanism of the treatment is based on the fatal perforation of the cell membrane caused by an external electric field, a tumor can be ablated non-thermally if an appropriate electric field is selected. However, an electric field more than a few kV/cm is required to accomplish ablation. In this study, we aim to examine the feasibility of a comb-shaped miniature electrode for reducing the required voltage for IRE. The reduction of the applied voltage while maintaining the potential difference was realized by narrowing the gap between the electrodes. A 150-µm-wide miniature electrode with a 100-µm gap between its teeth was fabricated using photolithography. In the experiment, the electrode was contacted onto a tissue phantom consisting of fibroblasts cultured in agarose gel three-dimensionally. After the application of electric pulses, cell ablation depth was examined using fluorescent staining. The miniature electrode successfully ablated the cells at the surface of the tissue phantom by the application of 90 electric pulses at 100 V. The maximum and average ablation depth were 72.7 µm and 61.0 ± 11 µm, respectively, which was approximately 40 % of that estimated by the numerical analysis. Our study showed that the contact-IRE using a miniature electrode in the order of sub-millimeter does ablate the superficial cells of targeted tissues upon the application of electric pulses of less than 100 V; however, further studies are required to maximize the ablation depth under the constraint of limited applied voltage.
Introduction
Electroporation is a technique to increase the permeability of the cell membrane by using electric pulses. When an external electric field is applied to the cell, nanopores are generated on the cell membrane. These pores are repaired promptly after the electric field is turned off. This phenomenon facilitates the cellular introduction of macromolecules and therefore, it has been used as an essential tool in the fields of biotechnology and biomedicine (Fromm et al., 1986 , Jastreboff et al., 1987 , Neumann et al., 1982 , Riggs and Bates, 1986 .
Electroporation has also been studied as a tool for cancer treatment. In electrochemotherapy (ECT), electroporation is used to introduce various impermeable chemotherapeutic drugs into tumor cells through an electroporated cell membrane (Mir et al., 1991 , Quaglino et al., 2008 . Since the permeable membrane recovers after treatment, an anticancer effect is expected to originate exclusively from the chemotherapeutic drugs.
On the other hand, a new cancer therapy by electroporation without any drugs was proposed by Davalos et al (Davalos et al., 2005) . In their method, the cells were exposed to the pulsed electric field over a certain threshold. The cell membrane was irreversibly damaged, which led to necrotic cell death. This is called irreversible electroporation (IRE). Needle-like electrodes, plates, and clamp electrodes are commonly used to deliver the electric pulses to tumors.
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Development of contact irreversible electroporation using a comb-shaped miniature electrode Yoshimatsu, Yoshida, Kurata and Takamatsu, Journal of Thermal Science and Technology, Vol.12, No.2 (2017) The advantage of the IRE is not only that no chemotherapeutic drugs are required, but also that the treatment is based on the membrane perforation and is free from thermal effects if the appropriate pulse conditions are selected. This aspect is significantly different from conventional thermal therapies such as radiofrequency ablation (Brace, 2009) , high-intensity focused ultrasound treatment (Dubinsky et al., 2008 , Murat et al., 2007 , and cryosurgery (Baust et al., 1997, Gage and Baust, 1998) . However, the IRE treatment should apply a considerably high voltage of more than a few kV/cm to the electrodes, which causes convulsions and contractions of muscles. Therefore, general anesthesia is required during the treatment to avoid the discomfort of patients. According to many previous studies, the potential difference required for breakdown of the cell membrane ranges from 0.5 to 2 V (Abidor et al., 1979 , Glaser et al., 1988 , Kinosita et al., 1988 , Melikov et al., 2001 , Riemann et al., 1975 , Sale and Hamilton, 1968 , Teissie and Rols, 1993 , Zimmermann et al., 1974 . Thus, the reduction of the applied voltage while maintaining the aforementioned potential difference can be realized by narrowing the gap between the electrodes. In this study, we aim to examine the feasibility of a miniature electrode with a narrow gap for reducing the required voltage for IRE. Prior to the experiment, the expected ablation depth was calculated by finite element analysis according to the aforementioned criteria i.e., the magnitude of the transmembrane potential determines the irreversible cell breakdown. Based on the analytical results, a comb-shaped electrode was fabricated using photolithography. In the experiment, the electrode was placed in contact with a tissue phantom consisting of fibroblasts cultured in agarose gel three-dimensionally. After the application of electric pulses, cell ablation depth was examined using fluorescent staining and compared with the analysis.
Materials and methods

Analytical model
The configuration of the analytical model is shown in Fig. 1 . The comb-shaped miniature electrode with width w and gap distance between the teeth l was placed in contact with a uniform tissue with the electric conductivity σ. Considering the geometrical symmetry, the area enclosed by the broken line in Fig. 1 is defined as a solution domain.
When the voltage V is applied between the electrodes, the distribution of electric potential ! can be calculated by solving the following Laplace equation:
with the boundary conditions ! =V 2
(2) at the surface of the anode, ! = !V 2 (3) at the surface of the cathode, and !! !x = 0 (4) at the right edge of the solution domain. At the left edge of the solution domain, ! = 0 (5) because the absolute value of the electric potential is symmetric, but its sign is opposite at the centerline between the Fig. 1 Schematic representation of comb-shaped miniature electrode and analytical model. Solution domain for the finite element analysis is described as the area enclosed by the broken line.
Yoshimatsu, Yoshida, Kurata and Takamatsu, Journal of Thermal Science and Technology, Vol.12, No.2 (2017) anode and cathode. The remaining outer edge of the solution domain is assumed to be !! !z = 0 (6) The governing equation (1) is described in the non-dimensional form as
where The analysis was conducted for the geometry of w = 150 µm and l = 100 µm (L = l/w = 2/3). The height of the solution domain was 800 µm, which is less than the thickness of the tissue phantom; however, it was sufficiently thick such that the change in the height of the domain did not affect the distribution of the electric potential. The solution domain was divided by approximately 11,300 triangular elements with 5,600 nodes. The numerical solution was obtained using the finite element analysis program Marc and the pre/post-processing software Mentat (MSC Software Corp., Santa Ana, CA). The electric conductivity of the tissue (1.82 S/m) was obtained from the literature (Mazzoleni et al., 1986) .
Fabrication of the comb-shaped miniature electrode
The comb-shaped miniature electrode was fabricated using photolithography. A glass coverslip with a diameter of 25 mm was coated using an image reversal photoresist (AZ5214E, Clarient K.K., Tokyo, Japan) and exposed to UV light while covered by an electrode-patterned photomask. After baking, the unexposed regions were washed away. A thin film of titanium (8 nm), and subsequently platinum (40 nm), were deposited on the patterned substrate. Finally, the remaining photoresist was removed. Figure 2 shows the fabricated miniature electrode. It has 10 pairs of 154-µm-wide teeth with a gap of 100 µm that were measured using a stereoscopic microscope. The approximate size of the entire electrode was 3 mm × 5 mm. 
Cell culture experiment
Electroporation experiments were conducted with 3D cultured cells as the tissue phantom. NIH3T3-3 mouse fibroblast cells (Riken Cell Bank, Tsukuba, Japan) were routinely maintained in cell culture dish of diameter 150 mm with α-MEM (α-minimum essential medium, Wako Pure Chemical Industries, Ltd., Osaka, Japan) supplemented with 10 % fetal bovine serum (FBS, Biowest, Nuaillé, France) and 1 % penicillin and streptomycin (Wako Pure Chemical Industries, Ltd.) in a CO 2 incubator (5 % CO 2 , 37°C).
An aqueous solution of the tissue phantom was prepared by mixing 2 wt% agarose solution (SeaPlaque Agarose, Lonza Rockland, Inc., ME), 10× α-MEM, 260 mM sodium hydrogen carbonate buffer, and cell suspension at the volume ratio of 8:1:1:5. The cell density was 2 × 10 6 cells/ml. After centrifugation for 4 min at 500 rpm to increase the cell density at the surface, the tissue phantom was solidified at 4°C for 20 min. It was placed in a CO 2 incubator at 37°C before use. The tissue phantom was placed in contact with the comb-shaped electrode, and was subjected to 90 electric pulses of 50 V or 100 V using a square wave generator (ECM830, Harvard Apparatus, Holliston, MA). The fixed pulse conditions of pulse lengths of 100 µs at interval of 1 s were selected in this study according to the clinical studies of IRE therapy targeted to solid cancers (Ball et al., 2010 , Thomson et al., 2011 .
After the pulse application, 1-mm-thick longitudinal sections of the tissue phantom were sliced and stained with 10 µg/ml calcein-AM (Dojindo Laboratories, Kumamoto, Japan) and 5 µg/ml propidium iodide (PI, Molecular Probes, Thermo Fisher Scientific, Waltham, MA) for 30 min to examine the cell viability in the depth direction. The stained slices were observed by using a confocal laser scanning microscope system (A1R+, Nikon, Tokyo, Japan). The cell experiments were repeated at least three times.
Evaluation of thermal damage
In order to evaluate the risk of thermal damage during contact IRE, temperature rise owing to Joule heating was measured by using a temperature-sensitive ink (Kurata et al., 2012) . The temperature-sensitive ink was collected from an erasable ballpoint pen (FriXion Erasable Rollerball Pen, PILOT Corporation, Tokyo, Japan) and mixed in an agarose gel at the concentration of 1 %. After gelation, the gel was exposed to the electric pulses under the same conditions as described above. According to our previous study , the color of the ink in the agarose gel starts fading at 53.5°C and completely disappears at 57.5°C. The change in color was observed using a digital microscope (VHX-1000, Keyence, Osaka, Japan). Figure 3 shows the distribution of the non-dimensional electric potential. The electric potential underneath the electrode exhibited hemispherical distribution. It reduced drastically near the surface of the tissue phantom, resulting in a significantly larger gradient near the edge of the electrode.
Results
Figures 4 (a) and (b) show the distribution of the non-dimensional electric field !! calculated by
The electric field was the highest at the edge of the electrode and decreased as a function of depth.
If we hypothesize that a spherical cell with a radius of r is exposed to a uniform electric field !! , the transmembrane potential V m is given by the Schuwan equation:
V m = 1.5! "! ! r cos" (17) where θ is the angle between the applied electric field and the segment from the center of the cell to the point of interest (Zimmermann et al., 1974) . Assuming that irreversible breakdown of the cell occurs when V m reaches the critical transmembrane potential V m, cr ( ≈ 1 V from the literature (Abidor et al., 1979 , Glaser et al., 1988 , Kinosita et al., 1988 , Melikov et al., 2001 , Riemann et al., 1975 , Sale and Hamilton, 1968 , Teissie and Rols, 1993 , Zimmermann et al., 1974 ), the critical electric field !! cr and the non-dimensional critical electric field !! cr necessary for IRE are respectively calculated by
Thus, the ablation depth can be determined from Fig. 4 for arbitrary values of the applied voltage V and electrode width w. Figure 5 shows the estimated ablation depth d ab for fibroblast (average cell diameter d cell = 16.6 µm) as a function of the applied voltage V at the edge of the 150-µm-wide electrode and the center of the electrode. The ablation depths at both places monotonically increased with the applied voltage and were consistent with each other at V > 60 V. The estimated ablation depth at 100 V, for instance, was 176 µm independent of the place. However, the difference was observed at a lower voltage. At the center of the electrode, the voltage threshold, 18.4 V, exists for the initiation of cell Yoshimatsu, Yoshida, Kurata and Takamatsu, Journal of Thermal Science and Technology, Vol.12, No.2 (2017) ablation because the electric field was considerably smaller than that at the edge as shown in Fig. 4 . This is attributed to the distorted contour of the field strength at a higher electric field as shown in Fig. 4(a) . The experimental results are demonstrated using the fluorescent micrographs of the longitudinal sections of the tissue phantom in Fig. 6 . Calcein-positive green cells show that the round cells were distributed within the tissue phantom. In the control sample ( Fig. 6(a) ), which was not subjected to pulse application, most of the cells were calcein-positive (green), indicating that they were alive. The application of the electric pulses at 50 V induced PI-positive (red) cells, which were dead, at the surface of the tissue phantom (Fig. 6(b) ). However, the necrotized cells were confined to the outermost surface of the tissue. In contrast, almost all the cells at the surface were dead in the tissue exposed to the electric pulses at 100 V (Fig. 6(c) ). The maximal and average ablation depth measured from the micrographs were 72.7 µm and 61.0 ± 11 µm, respectively.
A tissue phantom with a temperature-sensitive ink demonstrated no obvious change in the color after the application of the electric pulses at 50 V and 100 V. The results indicate that no thermal damage is induced as long as these pulse parameters are selected.
Discussion
In this study, the feasibility of a miniature electrode with a narrow gap was examined for reducing the required voltage for IRE. A 150-µm-wide comb-shaped electrode with a 100-µm gap between its teeth was fabricated using photolithography. The miniature electrode did ablate the cells at the surface of the tissue phantom by the application of repetitive electric pulses at 100 V.
The shape of the ablation region was consistent well with the contour lines of the electric field; the maximum Yoshimatsu, Yoshida, Kurata and Takamatsu, Journal of Thermal Science and Technology, Vol.12, No.2 (2017) ablation depth was obtained at the edge of the electrode, whereas the ablation region had a dent just underneath the electrode. However, the maximum ablation depth of 72.7 µm obtained by the experiment at 100 V was 58.7 % smaller than that estimated by the numerical analysis. In the experiment using the applied voltage of 50 V, only cells on the outermost surface were necrotized, which was inconsistent with the analysis. One of the possible reasons is that the expected electric potential was not applied to the tissue phantom owing to the photolithographed electrode, which was only 48 nm thick. Since its electrical conductivity is smaller than that of a bulk material, the voltage drop in the electrode might reduce the effective voltage on the tissue phantom, thus decreasing the ablation depth. The water trapped between the glass surface and tissue phantom at the electrode teeth may decrease the ablation depth. The electric current may not penetrate sufficiently deep into the tissue phantom if it short-circuits over the phantom surface between the teeth. In the numerical analysis, we ignored the space between the electrode teeth, and assumed that the potential difference was applied at the surface of the tissue phantom. Garcia-Sanchez et al. developed a surface electroporator with a spiral electrode pattern for in-situ gene transfection of adherent cell monolayers and reported that the insulation between the electrode teeth extensively enabled the increase of the electric field intensity around the cells (Garcia-Sanchez et al., 2012 , Garcia-Sanchez et al., 2014 . Filling the space with an insulator would increase the ablation depth in the experiment.
Another possible reason is the uncertainty of the assumed critical transmembrane potential V m, cr for IRE in Eqs. (18) and (19). Many previous studies reported that V m, cr ranges from 0.5 to 2 V depending on the temperature (Abidor et al., 1979 , Glaser et al., 1988 , Kinosita et al., 1988 , Melikov et al., 2001 , Riemann et al., 1975 , Sale and Hamilton, 1968 , Teissie and Rols, 1993 , Zimmermann et al., 1974 . It also varies with the cell type (Polak et al., 2013) . The estimated ablation depth is larger if V m, cr is underestimated. The electrical conductivity of the tissue phantom also has an uncertainty owing to the dense distribution of the cells near the surface of the tissue phantom. In the cell experiment, the suspended cells were collected at the surface of the tissue phantom using centrifuging, which improved the accuracy of the measurement of the ablation depth near the surface. According to the confocal laser microscopic images, the cell density near the surface was approximately 3.6 × 10 8 cells/ml, which almost corresponds to the hexagonal closest packing. The cell density near the surface is approximately 100 times higher than that deep inside the tissue phantom. However, the dense distribution of the cells could lead to heterogeneous electrical properties of the tissue phantom owing to the higher resistance of the cell membrane, which possibly results in a shallower ablation depth in the experiment as compared to the estimation obtained by the numerical analysis. The dependence of the electroporation efficiency on the number of pulses would also be a cause of the difference between the experimental and analytical results. In the experiment, repetitive pulses induce the accumulation of membrane damage even if the electric field intensity is less than the threshold for the IRE. However, the numerical analysis we performed did not include the effect of multiple pulses; we assumed that the cell membrane is irreversibly damaged by a transmembrane potential above 1 V. Since cell necrosis is the result of a dynamic process, it could not be fully described as a static problem. The combination of pulse width, intervals, and the number of repetitions has a considerable effect on the membrane destruction and resealing processes.
The comb-shaped miniature electrode successfully ablated the cells located approximately 70 µm deep in the tissue phantom. The device is applicable for the treatment of skin and gastrointestinal surfaces because it is easily combined with a fiber gastroscope. However, the ablation depth is not sufficiently large to treat cutaneous and subcutaneous tumors such as malignant melanoma and gastrointestinal tumors. For instance, skin cancer first appears at the basal lamina, and subsequently invades into the epidermis and dermis. The basal lamina is a layer of the extracellular matrix that anchors epidermis, and is located at a depth of 100-200 µm. Therefore, cell ablation in the order of a few hundreds of microns is required to treat skin cancer in the initial stage.
According to the numerical analysis, ablation depth monotonically increased with the applied voltage. The cell ablation in the order of a few hundreds of microns is accomplished by the applied voltage of more than 100 V. The relationship between the analysis and experiment affected by the pulse condition is important for the future design of comb-shaped electrodes for IRE. However, this was not verified by experiments because damage to the electrode was observed after the application of electric pulses above 100 V. The thinness of the electrode and weakness of adhesion at the electrode-glass interface probably caused the damage to the electrode. The photolithographed electrode requires improvement in durability. Further studies are required to fabricate a durable electrode and to maximize the ablation depth under the constraint of limited applied voltage.
The safety of the electric pulse depends on the magnitude, time, and pathway of the electric current flowing in the Yoshimatsu, Yoshida, Kurata and Takamatsu, Journal of Thermal Science and Technology, Vol.12, No.2 (2017) body. In general, the electric pulse is perceived when the current reaches 1 mA. Tetanic muscle contraction occurs at 20 mA, and ventricular fibrillation is induced by the application of current at 50 mA for 2 s. The electric resistance of a human is sufficiently small to allow electric current to pass through the body via skin and limbs of the body (total electrical resistance: approximately 2 kΩ). Based on the Ohm's law, the international safety standards and previous studies set the allowable voltage in the range of 25-50 V (Bernstein, 1994 , Koumbourlis, 2002 , Roberts, 2010 . However, in the proposed contact IRE, the area in which the electric current flows is limited only to the superficial layer of the body. Thus, the risk of causing muscle contraction and ventricular fibrillation is probably very small even if the electric pulses above 100 V are used. However, the lower the voltage, the more acceptable the treatment is. Moreover, lower voltage is preferable from the viewpoint of avoiding thermal denaturation owing to Joule heating because the greatest advantage of IRE therapy is the mechanism of cell ablation without thermal damage to the surrounding tissue. The American National Standard for Electrosurgical Devices identifies the increase in skin temperature by 12 K as a potential hazard, based on the normal skin temperature of 29-33°C and a long-term skin burn threshold of 45°C (Prausnitz, 1996) . However, thermal damage is accumulated as a function of not only the temperature, but also the exposure time to that temperature. We have recently developed a direct method to measure the temperature rise of a tissue phantom and the corresponding protein denaturation during IRE by using a temperature-sensitive ink and Raman spectroscopic measurement . In this method, the color of the temperature-sensitive ink starts fading at 53.5°C and completely disappears at 57.7°C. Using the ink mixed in agarose gel, our previous study showed that the change in the color caused by the application of electric pulses reflected the induction of thermal denaturation of protein. This method was applied to evaluate the risk of thermal damage during contact IRE. The result showed that no change in color was observed when a tissue phantom with ink was exposed to the electric pulses under the same conditions as those used in cell experiments. The experimental result indicates that no obvious thermal damage is induced as long as these pulse parameters are selected. This is because temperature promptly elevated owing to Joule heating, but the heat dissipates during the subsequent long interval. In order to avoid thermal damage to a targeted tissue, it is important to determine the optimal setting of pulse parameters before the contact IRE therapy.
Conclusions
The feasibility of a comb-shaped miniature electrode in the order of sub-millimeter was examined for reducing the required voltage for IRE. A 150-µm-wide electrode with a 100-µm gap between its teeth successfully ablated the cells at the surface of the tissue phantom by the application of repetitive electric pulses at 100 V. The maximum ablation depth was 72.7 µm; however, further studies are required to maximize the ablation depth under the constraint of limited applied voltage.
